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INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs) are a class of air pollutants emitted from incomplete combustion processes, including coal and biomass burning, as well as diesel and gasoline engines. [1] [2] [3] PAHs are also formed in indoor environments from coal and wood combustion, tobacco smoke and food-cooking. 4, 5 PAHs containing three or more benzene rings are of semi-or low-volatility and readily adsorb to surfaces such as soil, water, plants, and indoor and outdoor building surfaces. Recent studies suggest that heterogeneous reactions of surface-bound PAHs are the dominant mechanism of their atmospheric degradation. 6, 7 Moreover, toxicological studies show that the photooxidation products of the PAHs, such as PAH-quinones and nitro-PAHs, can induce the formation of reactive oxygen species (ROS) in the cell and lead to lipid peroxidation and DNA damage. [8] [9] [10] It is therefore important to understand the heterogeneous transformations of surface-bound PAHs.
Despite substantial effort aimed at studying the heterogeneous reactions of PAHs with atmospheric oxidants, our understanding of their oxidation kinetics and mechanisms is still incomplete. In part this is due to limitations in the instrumentation available to investigate in situ the composition of the surfaces to which the PAHs can adsorb. As well, the PAH oxidation products are numerous and complex in composition. Early work was conducted by depositing PAHs on different supporting materials, such as filters, silica gel and glass beads, followed by extraction and analysis of the PAHs and oxidation products, using infrared spectroscopy, spectrophotometry or mass spectrometry. [11] [12] [13] [14] [15] [16] The limitation in these studies was the relatively poor separation of the reactants and products, leading to difficulties in quantitative measurement of the PAH decay, as well as in the monitoring of specific reaction products. This issue was resolved by later work with application of gas and liquid chromatography coupled with ultraviolet/fluorescence detection or mass spectrometry. [17] [18] [19] [20] For example, GC and HPLC have been used for studies conducted on a wide variety of surfaces, including those mentioned above, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] aerosol particles [35] [36] [37] [38] and air-aqueous interfaces. [39] [40] [41] [42] However, since these techniques require extraction and pre-concentration processes, they may result in artifacts in products analysis. 43 In addition, for some products, such as carbonyls or carboxylic acids, their analysis requires an extra derivatization procedure. 44, 45 Other techniques, such as laser induced fluorescence, [46] [47] [48] [49] diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS), 50, 51 and attenuated total reflection Fourier transform infrared (ATR-FTIR) 52, 53 have also been applied to studying heterogeneous oxidation of PAHs. PAH degradation kinetics have also been measured by monitoring the depletion of gas-phase oxidants using mass spectrometry 54, 55 and chemiluminescence analyzers; [56] [57] [58] [59] however, this approach suffers due to a lack of reactant specificity and the inability to analyze the oxidation products.
More recently, aerosol mass spectrometry (AMS), such as vacuum ultraviolet photoionization aerosol time-of-flight mass spectrometer (VUV-ATOFMS) [60] [61] [62] [63] [64] and Aerodyne aerosol mass spectrometer (Aerodyne AMS), 65, 66 has been used to investigate PAH heterogeneous oxidation. With aerosol samples directly introduced into the instrument, AMS does not require sample extraction from the condensed phase and pre-concentration. However, this technique is specifically used to study the reactions taking place on aerosol particles, which limits its applications to other surfaces. Moreover, since the Aerodyne AMS evaporates most chemicals in the particles and uses electron ionization (EI) it gives rise to difficulties in product identification.
Direct analysis in real time mass spectrometry (DART-MS) is an atmospheric pressure ionization technique first developed by Cody et al. 67 Under ambient laboratory conditions, analytes are volatilized directly in front of the sampling aperture of the mass spectrometer by a heated gas flow containing metastable helium (He) atoms. In the positive ion mode of operation, analyte ionization occurs typically via Penning ionization, protonation or ammonium attachment to produce, respectively, + ion species. DART-MS is well suited for the analysis of molecules over a wide range of polarity and has been applied widely in the fragrance, pharmaceutical, food and forensic sciences industries (see a review from Gross 68 and references therein). DART can also be adapted easily for the analysis of a wide variety of surfaces (such as glass plates, leaves, currency bills, clothes, fruits and vegetables, etc.) and requires little or no sample preparation.
Recently, DART-MS has been used to investigate the composition of organic aerosol particles by introducing a stream of organic particles, such as oleic acid, to the volume between the DART ionization source and the MS inlet. 69, 70 The volatilized molecules from the particle surfaces were ionized and then analyzed by the MS. In this study, we describe the development of an analytical approach using DART-MS that permits the study of the oxidation kinetics and product formation associated with gas-surface heterogeneous reactions occurring on organic films. Whereas the system studied in this paper is ozone reacting with a condensed-phase PAH, benzo[e]pyrene, the same analytical technique could be used to study gas-surface heterogeneous reactions taking place on a wide array of surfaces.
EXPERIMENTAL

Chemicals and Reagents
Benzo[e]pyrene (BeP) (98%, solid), benzo[a]pyrene (BaP) and bis(2-ethylhexyl) sebacate (BES) (≥97%, liquid) were purchased from Sigma-Aldrich (Canada). Acetonitrile and dichloromethane (HPLC grade) were purchased from VWR, Canada. All the chemicals and reagents were used as received.
Generation of BeP and BaP Thin Films
BeP (~50µg/mL in acetonitrile: dichloromethane (50:1 v/v)) and BES (~50µg/mL in acetonitrile) stock solutions were mixed and diluted in acetonitrile, making the final concentrations (in µg/mL) of BeP and BES to be 1.0 and 0.5, respectively, for the kinetics study, and 2.0 and 0.5, respectively, for the product analysis. BES was chosen as an internal standard to quantify the relative amount of BeP on the premise that BES does not react with gas-phase ozone. BaP films were made in the same manner as those for BeP.
Home-made Teflon capillary holders (13 cm long × 2 cm wide) were used to hold 11 glass melting point capillary tubes each. 1 µL of the BeP/BES solution was deposited on the sealed, outside end of the glass capillary tubes using a micro-syringe (10 µL, SGE Analytical Science) ( Figure S1 ) resulting in absolute amounts of BeP and BES on the capillary of 1.0 and 0.5 ng, respectively, for kinetic studies and 2.0 and 0.5 ng, respectively, for products analysis. Multiple capillary tubes were used to allow averaging for the signals from each tube. /molecule. However, scanning electron microscope images (not shown) demonstrate that the films have structure, with crystalline BeP cubes covered in a liquid BES film. As discussed below, when the same amount (1 ng) of BaP, an isomer of BeP, was deposited on the same capillaries, the kinetics showed that ~30% of the BaP remained unreacted due to burial, consistent with a non-uniform deposit on the capillary surfaces.
Heterogeneous Oxidation of BeP by Gas-phase Ozone
After BeP/BES was deposited on the capillaries, the capillary holders were placed into a desiccator where a flow of ~5 slm (standard litre per minute) nitrogen was added to prevent oxidation of the BeP by ambient oxidants and contamination from room air. The oxidation experiments were carried out by placing a capillary holder into a horizontally oriented home-made cylindrical Pyrex glass flow tube (42-cm-long and 6-cm-i.d.) into which an ozone flow was added via a glass inlet. A Teflon frame was placed inside the flow tube to hold the capillary holder ( Figure S2 ). Gas-phase ozone was generated by passing 500 sccm (standard cubic centimeter per minute) of N2 and O2 through an ozone generator that was composed of a quartz cell and a Pen-Ray lamp. A moveable metal cover outside the lamp was used to regulate the ozone formation rate and the ozone concentrations in the flow tube. The residence time of ozone in the flow tube was ~130 seconds. An air flow (~1.3 slm) was added to the ozone flow at the outlet of the flow tube making a total flow of 1.8 slm, from which ~1.5 slm went to a UV photometric O3 analyzer (Thermo Model 49i) and the rest (~300 sccm) was dumped to the exhaust. A kinetic experiment was performed by varying the exposure time of BeP/BES samples to ozone by replacing the oxidized capillaries inside the flow tube by a set of non-oxidized ones at different time intervals (from 0 to 90 minutes) such that the ozone concentration remained the same. The oxidized capillaries were stored in the desiccator until DART-MS analysis.
Limit of Detection (LOD) of BeP with DART-MS Analysis
The LOD of BeP with DART-MS was determined using the calibration curve method. Five different concentrations of BeP solutions in acetonitrile:dichloromethane (50:1=v/v) were prepared along with the solvent blank, and 1µL of each solution was added outside the sealed end of the 11 capillaries. The calibration was performed by varying the amount of the BeP in the range of 0-0.1 ng. After the solvent evaporated the samples were analyzed by DART-MS.
DART-MS Analysis
The instrument used in this work is a JMS-T100LC time-of-flight mass spectrometer (JEOL USA Inc., Peabody,MA) equipped with a DART SVP-100 ion source (IonSense Inc., Saugus, MA) and is located in the Departmental mass spectrometry facility. The ion source was operated in the positive ion mode with helium (He) as the reagent gas. The ion source settings were: He flow 3.0 slm; He temperature 500 °C; grid electrode voltage 350 V. The configuration of the analytical setup is shown in Figure S3 . A Vapur Interface (IonSence Inc.) fitted with a ceramic inlet tube (0.5 cm id and 4.1 cm in length) was mounted between the DART ion source and the MS. One end of the tube was located directly in front of the MS inlet and the other faced the DART ion source ( Figure S3) . A diaphragm pump was used to maintain the low pressure inside the interface chamber with a needle valve between the pump and the interface used to adjust a total flow through the ceramic tube of 3.8 slm. The capillary holder was placed on a motorized linear rail via a stainless steel stand, whose moving speed was controlled by a computer program (DART SVP control software v 3.2.2) and was optimized at 0.3 mm/s. When the capillary passed between the ceramic tube and the DART ion source, the chemicals on the capillary were desorbed and ionized by the helium flow from the DART ion source. Part of the evaporated/ionized samples (~1 slm) was then taken into the MS inlet via the ceramic tube and the rest was removed from the interface chamber by the diaphragm pump. Considerable effort was expended developing the correct geometry for analysis of BeP/BES films and the arrangement described above provided the optimum sensitivity combined with the best reproducibility. Figure 1 shows the time-dependent mass spectrometric signals recorded from 11 capillary tubes mounted on the motorized linear rail moving in front of the DART-MS source before and after 30 minutes ozone (gas phase concentration of 3.4×10 14 molecules/cm 3 ) exposure. The extracted ion chromatograms (XIC) from BeP (m/z 253) and BES (m/z 427 and 444) are shown in the red and black traces, respectively. Each peak in the ion chromatogram corresponds to one of the 11 samples, and BeP and BES were quantified by integrating each peak area.
RESULTS AND DISCUSSION
DART-MS Analysis of BeP and BES
As can be seen in Figure 1 , the intensity of BES (a) before ozone reaction (average integrated intensity of 8.7×10 . We found that the ratio between the protonated ion and the ammonium adduct ion for BES varies from experiment to experiment, probably due to fluctuation in the gas-phase ammonia concentration in the room air. Thus, the BES is quantified by the sum of these two ions. The helium temperature was set to the maximum (500 °C) in this work in order to desorb all the substances on the capillaries. Test experiments showed that after the capillary samples were evaporated no observable signals for BeP and BES were seen when the capillaries passed through the hot helium flow a second time. . As presented below, within experimental uncertainty a similar rate constant was measured when BES was present, indicating that the presence of BES does not affect the kinetic measurements to a significant extent.
Limit of Detection (LOD) of BeP with DART-MS
The calibration curve for the determination of the LOD of BeP is shown in Figure S4 , where each point again represents an average of 11 measurements and the error bar is the standard deviation (σ) of these measurements. The LOD is calculated using the equation: LOD=3.3σ/s, where σ is the standard deviation of the DART-MS response with BeP close to the LOD, and s is the slope of the calibration curve in Figure S4 . The LOD of BeP with the DART-MS analysis is calculated to be 40 pg. Figure 3 shows examples of kinetic plots for the reaction of BeP with gas-phase ozone. Each point is an average of 11 sample measurements. Note that the vertical-axes in ) were conducted by turning off the ozone generator and Figure 3 shows that there was no observable loss of BeP when no ozone is present in the air flow. This confirms that the evaporative losses of both BeP and BES in the flow tube, if any, do not affect the kinetic measurements.
Heterogeneous Kinetics of the PAHs with Gas-phase Ozone
It is clear from Figure 3 that the decays of 10 ng BeP and 1 ng BaP level off after ~30 minutes. The same behavior is apparent, but to a smaller degree, for 1 ng BeP. The leveling-off behaviour for the heterogeneous reactions of PAHs with ozone has been observed in previous studies. 27, 52 This observation is thought to be due to multi-layer deposition of solid PAHs on the capillaries whereby surface PAHs react and convert to solid products that remain on the surface and prevent further reaction between ozone and buried PAHs. Our previous study confirmed that solid organic coatings can completely shut off the reaction between ozone and PAHs. 65 Thicker films, i.e. 10 ng BeP compared to 1 ng BeP, are more susceptible to this effect because a smaller fraction of the total amount of PAH is at the surface and available for reaction.
To extract pseudo first-order rate coefficients for just the surface component of the 1 ng BaP kinetics, we subtract the value of the plateau at long reaction times (i.e. 30% of the signal) from each data point under the assumption that this material is unavailable for reaction. We then arrive at a linear pseudo first-order decay curve (filled circles in Figure 4 ). We do the same for 1 ng BeP data, assuming that either 0% or 30% of BeP is unavailable for surface reaction. The resulting first-order decay curves are shown in blue and red triangles, respectively, in Figure 4 . The differences between the first-order rate coefficients for these two extreme cases vary by factors of 1.6-2.0 for BeP.
The pseudo first-order rate coefficients (k1) obtained in this manner for BeP are plotted as a function of ozone concentration in Figure 5 , where black and red circles represent the k1 obtained with 0% and 30% initial BeP subtraction, respectively, in the data analysis. The non-linear shapes of the plots are consistent with the Langmuir-Hinshelwood (L-H) mechanism:
where kmax is the maximum pseudo first-order rate coefficient, [O3] is the gas-phase ozone concentration and KO3 is the ozone gas-to-surface partition coefficient.
The L-H mechanism assumes that the adsorption of the gas-phase oxidant (O3 in this work) cannot be more than a monolayer. 73 The heterogeneous kinetics between BeP and adsorbed ozone are, therefore, dependent on the gas-phase ozone concentrations and the number of the surface sites to which ozone can adsorb. At low ozone concentrations the adsorbed ozone on the surface should scale linearly with the gas-phase ozone concentrations, leading to a linear increase in the first-order kinetics ( Figure 5 ). When the surface sites are saturated with high levels of ozone, the pseudo first-order rate constants should reach their maxima and be independent of gas-phase ozone concentrations, as can be seen from the plateau at high level of ozone in Figure 5 .
Two parameters, kmax and KO3, can be derived by fitting each data set in Figure 5 with Eq1. Listed in Table 1 are the values of the parameters derived from the above mentioned two extreme cases, where the uncertainty represents one standard deviation. While BeP is known to be a less reactive PAH towards atmospheric oxidants in comparison to BaP and anthracene (ATC) 74, 75 , as can be seen in Table 1 , Ringuet et al. 31 qualitatively reported facile heterogeneous degradation of BeP by exposing aerosol particles collected at a traffic site in Paris to gas-phase ozone. An early study of Perraudin et al. 74 reported a linear increase in k1 with ozone when BeP was deposited on graphite and silica particles. In Figure 5 for BeP on graphite particles, almost an order of magnitude higher than the kmax of the present work at a similar level of ozone. These differences could be due to the different substrates on which the BeP was deposited. In particular, the oxidation kinetics of BaP on soot particles is known to be significantly faster than on organic aerosol. 35, 36 The kinetic results on the heterogeneous oxidation of BeP with ozone are compared in Table 1 to the L-H reactivity of phenanthrene and ATC on a variety of surfaces. The maximum pseudo first-order rate coefficients (kmax) for phenathrene and BeP exhibit similar reactivity towards ozone if the uncertainties are taken into account and are much lower than for ATC in general, except for the study of Ma et al. 52 who deposited ATC on Asian dust and Kahan et al. 47 who deposited ATC on water with a monolayer of hexanoic acid present ( Table 1 ). The reason for the lower kmax value for ATC on Asian dust was not given by the authors, whereas that for ATC/hexanoic acid+water system was attributed to the lower ozone partition coefficient (KO3) for this system. It appears that the kmax values for ATC deposited on particles are higher than those for flat surfaces (Table 1 ). The similar trend was also observed by Kwamena et al. 37 who found that the decay of ATC on aerosol particles were faster than that on flat surfaces. These observations indicate that the surface geometry (flat surface or curved particle) may play a role in the heterogeneous oxidation of PAHs. On the other hand, the different kmax values for ATC in different systems in Table 1 may also be a result of the different techniques used to obtain the kinetic parameters. Figure 6 shows the mass spectrum of the products from the heterogeneous reaction of BeP with gas-phase ozone. The product mass spectrum is obtained by subtracting the reactant spectrum from that recorded after 60 minutes oxidation. Based on the observed mass-to-charge ratios (m/z) and previous work on the products of ozonolysis of BaP, pyrene and anthracene, several possible ozonolysis products are listed in Table 2 . Classes of products, including epoxides, 13 quinones, diphenols, dialdehydes and dicarboxylic acids, have been reported from photooxidation of other PAHs. 7 However, this is the first investigation of the product formed by heterogeneous oxidation of BeP by ozone.
Products from Heterogeneous Reaction of BeP with Ozone
It has been reported that lactones are formed by ozonolysis of BaP 78 and pyrene; 45 the most intense peak at m/z 271.08 in Figure 6 is consistent with product 1 as a major product from ozone reaction with BeP (Table 2 ). Other peaks are suggestive of formation of quinones with m/z 283.08 (product 2) and diphenols or dialdehydes with m/z 285.09 (product 3), but are formed with lower intensities.
With the high sensitivity of DART-MS it was also possible to obtain information on the evolution of the reaction products. From Figure 7 (a) it can be seen that BeP reacts relatively fast in the beginning followed by a slower reaction after ~30 minutes ozone exposure. Meanwhile, the quinone (m/z 283.08) production is only observed in the first 30 minutes and then almost levels-off. This observation indicates that the quinones may be early generation products, as suggest by previous studies of the ozone reaction with ATC 27 and pyrene. 45 By contrast, the lactone signal (m/z 271.08) increases linearly throughout the course of the reaction. From these data we cannot determine whether this lactone species is an early or late generation oxidation product; however, we note that in the formation mechanism of 4-oxapyrene-5-one Miet et al. 45 proposed that this lactone was produced via further reaction of primary products from the heterogeneous ozonolysis of pyrene. The product with m/z 303.09 also appears to be a later generation product. Other products, such as those with m/z 257.10, 255.08 and 239.09 in Figure 6 remain unidentified, but their lower molecular masses compared to BeP suggest that they should be formed from the ring-opening reactions followed by some degree of fragmentation.
We note that the loss of signal from BeP is associated with increasing signal from the reaction products (as represented by the integrated signals from the products with m/z labeled in Figure 6 ), so that the total signal from these species remains relatively unchanged throughout the reaction (Figure 7(b) ). This indicates that the relative ionization efficiencies of the reactant and products are similar.
CONCLUSIONS
This paper presents a new analytical method employing DART-MS to study surface composition and heterogeneous oxidation chemistry. The utility of this sensitive, flexible and quantitative analytical approach has been demonstrated for the oxidation of PAH by ozone.
Key features of the method are: 1. Extremely efficient and rapid analysis of heterogeneous kinetics; 2. Use of an unreactive internal standard to normalize for variations in the ion-molecule reaction conditions; 3. Measurements of reaction products, particularly oxygenated species that can otherwise only be detected after solvent extraction and perhaps derivitization or chromatographic separation; 4. Volatilization of the entire amount of deposited reactant lead to the low detection limits for PAHs, such as that for BeP in the 10's of pg level; 5. A large number (11) of capillary tubes enhances precision of the measurement. The overall validation of this analytical method is provided by the excellent form of the Langmuir-Hinshelwood kinetics curve shown in Figure 5 and the reaction products suggested in Table 2 .
This new analytical approach complements other methods reported in the literature for measurements of this type. In particular, this approach expands the analytical capabilities to analyze condensed-phase chemicals on macroscopic surfaces in an on-line manner, whereas real-time heterogeneous chemistry studies have only been conducted with aerosol particle samples in the past. [60] [61] [62] [63] [64] [65] [66] 69, 70 This approach will therefore be of considerable value for studying the chemical processing of films that are present on both outdoor and indoor surfaces. Because DART is a relatively 'soft' form of ionization yielding intact ions with minimal fragmentation, it is possible to obtain molecular weight information of the reaction products that is not so easily obtained when electron ionization (EI) is applied. 65, 66 While reactants such as PAHs are readily detected by off-line techniques such as GC-MS, these techniques do not permit the simultaneous monitoring of many oxygenated reaction products, which invariably form in heterogeneous oxidation studies. We note that this paper provides a complement to the work of Nah et al., which used DART-MS to successfully study organic aerosol chemistry. 69, 70 A potential improvement to the method would be better control over the atmospheric environment of the ion source. This could be achieved by building a vented housing around the ion source through which only clean air, at a controlled relative humidity, passes. Such an environment may make the use of an internal standard unnecessary. This modification was not possible for this work because the mass spectrometer used is housed in a departmental analytical facility. With a dedicated mass spectrometer, one could envisage performing the oxidation studies in a directly-coupled reaction cell. Figure 3 , while the data for BeP-2 (filled circle) and BaP-2 (filled triangle) have been obtained by subtracting the value of the plateau at long reaction times (i.e. 30% of the signal) from the raw data in Figure 3 . Figure 5 . Plots of pseudo-first-order rate coefficients k1 as a function of gas-phase ozone concentrations for the heterogeneous reaction of BeP with ozone. The plot was fitted using a non-linear least-squares fit of Eq 1. Figure 6 . DART mass spectrum for products from heterogeneous reaction of 2 ng BeP with ozone (the products labelled with a * are suggested in Table 2 ). The values were calculated from the data given in the literature Table 2 . Tentatively identified products from heterogeneous reaction of BeP with ozone
